INTRODUCTION
Periampullary adenocarcinomas comprise adenocarcinomas of the ampulla, distal common bile duct, pancreas, and duodenum, arising within 2 cm of the major duodenal papilla [1] . However, due to the complexity of the periampullary region, misclassification of the original tumor site occurs in clinical practice [2] . Although resectable periampullary adenocarcinomas from different tumor origins are treated similarly by curative pancreatoduodenectomy (PD) [3] , the prognosis varies considerably with a 5-year survival rate ranging from 34% to 66% [4] . Although improved outcome for patients with pancreatic adenocarcinoma receiving adjuvant chemotherapy has been demonstrated, the role of adjuvant therapy in nonpancreatic periampullary adenocarcinomas is less clear, which indicates the histological heterogeneity of the periampullary malignancy [5, 6] .
To better predict the prognosis of periampullary adenocarcinomas and to guide pre-and postoperative treatment, a classification based on histopathological subtype instead of anatomical origin was developed. Intestinal-type periampullary adenocarcinoma (IPAC) was reported to have a better prognosis than pancreatobiliary-type periampullary adenocarcinoma (PPAC) [3, 4, [7] [8] [9] . Patients with IPAC had a median overall survival of 71.7 mo, while patients with PPAC had a median overall survival of only 33.3 mo [7] . These two subtypes show contrasting response to different chemotherapeutic regimens. The PPAC tends to respond better to gemcitabine-based therapies, while the IPAC responds better to flu-oropyrimidine [10] .
Thus, the histological subtypes should be taken into consideration when deriving therapeutic strategies [5, 11] .
At present, the classification of histological subtypes mainly relies on standardized dissected PD specimens [2] . Unfortunately, patients with peripheral vessel involvement or metastatic malignancy rarely benefit from PD [12] [13] [14] . It is also difficult for contrastenhanced computed tomography (CT) or multiparameter magnetic resonance imaging (MRI) to classify the histological subtypes before surgery.
A qualitative study found that the comprehensive evaluation of multiple CT features of the periampullary area could differentiate the histological subtypes, but required optimal duodenal distention and was highly dependent on the expertise of the radiologists [15] . An oval filling defect at the end of the bile duct on magnetic resonance cholangiopancreatography images tended to suggest IPAC but controversy still existed [16, 17] .
Diffusion-weighted imaging (DWI) is a functional MRI method. It calculates the apparent diffusion coefficient (ADC) to reflect random motion of water molecules, which could add information pertinent to tissue structure. Bi et al [16] found a combination of a progressive enhancement pattern and low minimum ADC value (b 800 ) suggestive of PPAC, but the diagnostic performance of ADC min alone was not high enough. In addition, the use of gadolinium-based contrast agents is limited in patients with impaired renal function [18, 19] . Thus, a non-invasive and non-contrastenhanced method before surgery is needed.
Volumetric ADC histogram parameters reflect the distribution and variation of all voxels within the entire lesion, which reduce the subjectivity of region of interest (ROI) placement and improve repeatability in the quantitative ADC analysis [20, 21] . Previous studies have applied volumetric ADC histogram analysis to differentiate histopathological subtypes of renal cell carcinomas, breast cancers, and ovarian cancers [20, [22] [23] [24] . No ADC histogram study thus far has focused on periampullary adenocarcinomas.
Therefore, the aim of this study was to investigate the diagnostic value of volumetric ADC histogram analysis in the differentiation of IPAC and PPAC.
MATERIALS AND METHODS

Study cohort
This retrospective study was approved by the local institutional review board, and the requirement for informed consent was waived. After searching the radiological database from January 2015 to October 2018, 476 consecutive patients who were suspected of having periampullary tumor and underwent preoperative MRI were identified. The inclusion criteria for this study were as follows: (1) MRI acquired at 3.0 T; and (2) Diffusion weighted imaging administered at b-values of 800 and 1000 s/mm 2 . The exclusion criteria were as follows: (1) Patients discharged without receiving radical surgery at our institution; (2) Patients histopathologically confirmed with lesions other than IPAC or PPAC; (3) Patients who received invasive treatment before MRI; and (4) Poor image quality for analysis. The flowchart of the study population is shown in Figure 1 .
Image acquisition
All patients were required to fast for 6-8 h before MRI acquisition. All scans were performed on a 3 T MRI scanner (GE Healthcare 750 discovery, United States) using a 32-channel torso array coil. Before DWI, the routine protocol included the following sequences: 
Image analysis
All raw data from DWI were transferred from the picture archiving and communication system (PACS) to a PC and processed with the open source software Fire voxel (https://files.nyu.edu/hr18/public/projects.html). Two independent radiologists (with 4 and 15 years of experience in abdominal MRI, respectively) blinded to the clinical information and histopathologic results independently reviewed all the MR images. They manually drew the ROI covering the lesion at each section with reference to the axial T2-weighted images. Care was taken to avoid regions of artefacts. The ROI of each layer was merged automatically into a volumetric ROI containing voxel information of the whole tumor. A volumetric ADC map was then constructed with a monoexponential fitting model: S = S 0 exp(−b × ADC), where S represents diffusion-induced signal attenuation, S 0 represents the signal intensity in the absence of diffusion sensitization, and b is known as the bvalue, which determines the degree of diffusion weighting in the signal. The histogram parameters, including the mean, 5th, 10th, 25th, 50th, 75th, 90th, and 95th percentile ADC values, ADC min , and ADC max as well as skewness, kurtosis, and entropy, were calculated.
Histopathologic analysis
Tissue sections were stained after surgery with haematoxylin and eosin, and the microscopic slides and histopathologic reports of all patients were reviewed. Tumor size, tumor differentiation grade, perineural invasion, vessel involvement, regional nodal involvement, and histological subtype were investigated. The histological subtype was classified by morphological assessment according to the criteria first suggested by Kimura et al [25] and the WHO classification [26] . In brief, IPAC is characterized by well-formed tubular to elongated glands and solid nests similar to colon cancer. The tumor cells are tall and often pseudostratified columnar epitheliums with oval-or cigar-shaped nuclei. PPAC has simple or branching glands and small solid nests of cells surrounded by a desmoplastic stroma. The tumor cells are cuboidal to low columnar epithelium arranged in a single layer [3, 9, 27, 28] .
Statistical analysis
All statistical analyses were conducted with MedCalc (MedCalc Software, Mariakerke, Belgium) and IBM SPSS 23.0 (Chicago, IL, United States). The differences in the clinical and histopathological characteristics of the patients were tested by Mann-Whitney U test or the chi-squared test. Interobserver consistency of the measurements between the two radiologists was assessed by calculating the interclass correlation coefficient (ICC). ICC > 0.80 was considered to indicate excellent agreement. Parameters with ICC < 0.8 were excluded from further statistical analyses. Then, the Shapiro-Wilk test was used to determine whether the variables were normally distributed. The Student's t-test or the Mann-Whitney U test was used to compare the differences between two histological groups. P < 0.05 was deemed to be statistically significant. Receiver operating characteristic (ROC) analyses were further performed to determine the potential diagnostic performance for differentiating the histological subtypes. The optimal threshold was chosen according to the Youden index.
RESULTS
Study population
A total of 40 histopathologically confirmed subjects were included in this retrospective study. According to the pathologic results, 17 patients had IPAC (12 males and 5 females; age range, 44-69 years), while 23 patients had PPAC (14 males and 9 females; age range, 42-69 years). The clinical characteristics and histopathological findings of the included patients are presented in Table 1 . There was no significant difference in age (P = 0.929), sex ratio (P = 0.524), tumor size (P = 0.273), degree of tumor differentiation (P = 0.288), lymph node metastasis (P = 0.893), or vessel involvement (P = 0.904) between the two histological groups. Carbohydrate antigen 19-9 (CA19-9) was elevated (> 34 U/mL) in 53% (9/17) of IPACs and 65% (15/23) of PPACs (P = 0.433). The incidence of perineural invasion in the PPAC group was significantly higher than that in the IPAC group (P = 0.016).
Interobserver agreement
For all the histogram parameters except for kurtosis and skewness (ICCs < 0.8), the interobserver agreement between two readers was excellent (ICCs ranging from 0.948 to 0.996), as shown in Table 2 . Thus, kurtosis and skewness were not used for the statistical analysis between the two subtypes. The mean, 5th, 10th, 25th, 50th, 75th, 90th, and 95th percentiles of ADC values, ADC min , ADC max, and entropy were further evaluated.
Histogram parameter comparison
The ADC histogram results are summarized in Table 3 and Figure 2 . The mean, 5th, 10th, 25th, 50th, 75th, 90th, and 95th percentile ADC values and ADC min and ADC max of IPACs were higher than those of PPACs (b-values = 800 and 1000 s/mm 2 ). At a bvalue of 1000s/mm 2 , the mean, 10th, 25th, 50th, 75th, 90th, and 95th percentile ADC values and ADC max showed significant differences between the IPAC and PPAC groups (P = 0.009, 0.040, 0.030, 0.011, 0.004, 0.004, 0.010, and 0.008, respectively). None of the ADC 800 histogram parameters showed significant differences between the two groups (P > 0.05).
Diagnostic performance of the histogram parameters
The results of the ROC analysis are shown in Table 4 and Figure 3 . The 75th percentile ADC 1000 value achieved the highest area under the curve (AUC) for differentiating IPAC from PPAC (AUC = 0.781; 95%CI: 0.623-0.896; sensitivity, 91%; specificity, 59%; cut-off value, 1.50 × 10 -3 mm 2 /s).
Lesions from the two subtypes of periampullary adenocarcinoma and the corresponding volumetric histogram are shown in Figures 4-6.
DISCUSSION
Accurate preoperative differentiation between IPAC and PPAC is essential for predicting the prognosis and choosing chemotherapy regimens for patients with advanced periampullary adenocarcinoma. The primary results in the present study showed that these two subtypes could be differentiated by utilizing volumetric ADC histogram analysis.
IPAC and PPAC arise from two different epithelia and may be associated with the expression of different oncogenes, immunohistochemical markers, and interactions with the extracellular matrix [2, 29] . Biomarkers for intermediate filaments (CK7 and CK20) and mucins (MUC2) and the intestinal transcription factor (CDX2) were reported to be of value in separating the two histological types [8, 28] . At the genetic level, a gain of 13q and 3q, and a deletion of 5q were found specifically in the intestinal-type group, and the mRNAs and miRNAs expressed between the two subtypes were different [30] [31] [32] . However, all these methods can be applied only after surgery.
In the present study, the ADC values of the IPACs were higher than those of the PPACs, which corresponded to the ADC quantitative analysis by Bi et al [16] . In their study, the mean ADC could not help differentiate these two histological groups, but ADC min achieved a significant difference (P = 0.047; sensitivity, 85.2%; specificity, 50%; AUC = 0.672). However, the present study showed that the differences in all the ADC 800 histogram parameters including ADC min were not significant. The b-value of 1000 s/mm 2 seemed to better distinguish between IPAC and PPAC, as the mean, 25th, 50th, 75th, 90th, and 95th percentile ADC values and ADC max showed significant differences. The difference in ADC min derived from both b-values of 800 s/mm 2 and 1000 s/mm 2 was not significant. This finding may be explained by the different methods of ADC min acquisition and different patient cohorts. In our study, ADC min reflects the minimum ADC value of the whole lesion, while in the Bi's study, ADC min was calculated from the largest cross-section lesion.
ADC 1000 could better predict the histological subtypes of periampullary adenocarcinoma compared with ADC 800 in the present study. ADC values reflect the Brownian movement of random water and are correlated with the microenvironment of tumor structures, such as tumor cellularity, the integrity of cell membranes, and the extracellular matrix [33] [34] [35] . At b-values ranging from 200 to 1000 s/mm 2 , the degree of diffusion related signal attenuation is nearly straight, in line with Gaussian diffusion, but at a higher b-value range (>1000 s/mm 2 ), diffusion is non-Gaussian and the ADC value decreases when high b-values are used [36] .To choose the optimal b-value, the location of lesions, tissue composition, and pathological features should be taken into consideration [37] . In a radiomic analysis of cervical cancer regarding histopathological grade, the overall misclassification error of ADC 1000 features was lower compared with that of ADC 800 [38] . In an ADC study of rectal cancer, the combination of 0 and 1000 s/mm 2 was optimal considering both reliability and diagnostic performance [39] . Volumetric ADC histogram is a possible method to identify these two histological types noninvasively before surgery. In previous studies, the ADC histogram parameters were found to be helpful in discriminating different subtypes of mucinous breast carcinoma and two epithelial types of ovarian cancer [23, 40] .Interestingly, the results from previous studies showed significantly lower ADC values in the more aggressive subtype than in the relatively indolent subtype, as in our research. In the present study, the 75th percentile ADC 1000 achieved the highest AUC, and the sensitivity reached 91%. This result suggests that ADC values might have the ability to reflect the differences in microstructure between the two subtypes.
In the current study, the interobserver consistency of skewness and kurtosis was low (ICCs < 0.8). The small size of the periampullary lesions in our study could be a possible reason for this result, as the number of calculated voxels was not large enough to obtain reliable skewness and kurtosis values. The intrinsic instability of skewness and kurtosis could be another reason, as a previous repeatability study of ADC histogram metrics showed the low repeatability of skewness and kurtosis in analysing uterine lesions [41] . No significant difference in the entropy between IPAC and PPAC was found in the current study. Entropy describes the homogeneity and irregularity of the intra-lesion voxel distribution [42] . The similar entropy in the two groups suggested that the two subtypes of periampullary adenocarcinoma have high heterogeneity. In a previous histogram analysis, the entropy of ADC values showed the highest diagnostic performance in differentiation between adrenal pheochromocytoma and adenoma [43] . In liver malignancies, the entropy of cholangiocarcinoma was reported to be significantly higher than that of hepatocellular carcinoma [44] . Entropy seemed to have potential value in the differentiation of different tumor types, but limited value in the classification of different histological tumor subtypes.
Several limitations in the present study should not be ignored. First, given the retrospective nature of the present study, the subjects with an advanced tumor stage or senior patients could not tolerate radical PD and were thus excluded. Second, as strict inclusion criteria were used in the present study, the number of patients enrolled was comparatively small and they only represent a small proportion of the patients with periampullary adenocarcinoma. The conclusion from the present study needs to be confirmed in the further studies. Finally, high b-values (>1000s/mm 2 ) were not used for the ADC histogram analysis in this study. Further study is warranted to strengthen the results of the ADC evaluation.
In conclusion, our study showed that volumetric ADC histogram analysis at a bvalue of 1000 s/mm 2 could help differentiate IPAC and PPAC noninvasively before surgery. The 75th percentile ADC 1000 value achieved the best diagnostic performance. 
ARTICLE HIGHLIGHTS
Research background
The histological heterogeneity of periampullary adenocarcinoma is high as it comprises adenocarcinomas of the ampulla, distal common bile duct, pancreas, and duodenum. Misclassification of the original tumor site occurs in clinical practice, which causes inappropriate postoperative treatment and incorrect prediction of the overall survival. Recently, the histopathological subtype of periampullary adenocarcinomas is demonstrated to be a better prognostic predictor than the site of origin. According to the endoscopic morphological characteristics of tumor tissue, periampullary adenocarcinoma can be classified into two histological subtypes. One is intestinal-type periampullary adenocarcinoma (IPAC) and the other is pancreatobiliary-type periampullary adenocarcinoma (PPAC). IPAC is reported to have a better prognosis than PPAC.
Research motivation
The classification of histological subtypes is difficult to determine before surgery. Limitations still exist for contrast-enhanced computed tomography or multiparameter magnetic resonance imaging to help differentiating between IPAC and PPAC. Diffusion-weighted imaging (DWI) is a noninvasive functional imaging method. It calculates the apparent diffusion coefficient (ADC) to reflect random motion of water molecules, which could add information pertinent to tissue structure. Based on DWI, ADC histogram analysis has been used in the diagnosis of diseases of many other abdominal organs and is demonstrated to have high reproducibility. It may have the ability to differentiate IPAC from PPAC.
Research objectives
The aim of this study was to investigate the diagnostic value of ADC volumetric histogram analysis in differentiation of IPAC and PPAC. Accurate preoperative differentiation between IPAC and PPAC can help predict the prognosis and make treatment strategy for patients with periampullary adenocarcinoma.
Research methods
Patients who were confirmed with a periampullary adenocarcinoma and underwent MRI at 3.0 T with diffusion-weighted images (b-values = 800 and 1000 s/mm 2 ) before surgery were analyzed. The mean, 5th, 10th, 25th, 50th, 75th, 90th, and 95th percentiles of ADC values and ADC min , ADC max , kurtosis, skewness, and entropy were then obtained from the volumetric histogram analysis. Comparisons were made with an independent Student's t-test or Mann-Whitney U test. Multiple-class receiver operating characteristic curve analysis was performed to determine and compare the diagnostic value of each significant parameter.
Research results
The mean, maximum, and various percentiles ADC values derived from b 1000 were lower in the PPAC group than in the IPAC group with statistical significance. The 75th percentile of ADC values achieved the highest area under the curve (AUC) (AUC = 0.781; sensitivity, 91%; specificity, 59%; cut-off value, 1.50 ×10 -3 mm 2 /s).
Research conclusions
Our study showed that volumetric ADC histogram analysis could help classify histopathological subtypes of periampullary adenocarcinoma. In addition, a b-value of 1000 s/mm 2 has higher diagnostic value than b-value of 800 s/mm 2 . The 75th percentile ADC 1000 value achieved the best diagnostic performance.
Research perspectives
Although volumetric ADC histogram analysis has been demonstrated to have the ability to distinguish between IPAC and PPAC, the optimal b-value is still not confirmed. Besides, multiple b-value DWI studies may provide more differential diagnostic value. Thus, further investigations are needed.
